Due to the dimple's unique characteristics of comparatively low pressure loss penalty and good heat transfer enhancement performance, dimple provides a very desirable alternative internal cooling technique for gas turbine blades. In the present study, an experimental investigation was conducted to quantify the flow characteristics over staggered dimple arrays and to examine the vortex structures inside the dimples. In addition to the surface pressure measurements, a highresolution digital Particle Image Velocimetry (PIV) system was also utilized to achieve detailed flow field measurements to quantify the characteristics of the turbulent channel flow over the dimple arrays in terms of the ensemble-averaged velocity, Reynolds shear stress and turbulence kinetic energy (TKE) distributions. The experimental measurement results show that the friction factor of the dimpled surface is much higher than that of a flat surface. The measured pressure distribution within a dimple reveals clearly that flow separation and attachment would occur inside each dimple. In comparison with those of a conventional channel flow with flat surface, the channel flow over the dimpled arrays was found to have much stronger Reynolds stress and higher TKE level. Such unique flow characteristics are believed to be the reasons why a dimpled surface would have a better heat transfer enhancement performance for internal cooling of turbine blades as reported in those previous studies.
INTRODUCTION
Modern gas turbines are operating at a peak turbine inlet temperature well beyond the maximum endurable temperature of the turbine blade material. As a result, hot gas-contacting turbine blades have to be cooled intensively by using various techniques, such as internal convective cooling and film cooling on the blade exterior, in order to increase the fatigue lifetime of the turbine blades. In recent years, dimples and dimple arrays, which can be placed throughout the entire internal cooling passage of turbine blades incorporating with other augmentation methods (such as impingement holes, rib turbulator, pin-fins), have become a magnet in forced convective heat transfer studies [1] . Since dimples have the unique characteristics of comparatively lower pressure loss penalty than fins and modest heat transfer enhancement, they provide a very desirable alternative internal cooling technique, especially in the rear region of the turbine blades, other than pin-fin cooling. A number of studies have been conducted in recent years to investigate the performance of dimple arrays in heat transfer enhancement by either experimental or computational methods.
The heat transfer coefficient distribution in the channel is greatly affected by the configuration of dimples, like dimple diameter, dimple depth ratio, distribution and shape [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Terekhov et al, (1997) [2] experimentally investigated the heat transfer coefficient and aerodynamic resistance on a surface with a single dimple. Their results show that the dimples can increase the heat transfer greater than they increase aerodynamic resistance, leading to an overall enhancement in the rate of heat transfer. Mahmood et al, (2001) [3] , Ligrani et al. [10, 11] studied the local heat transfer and flow structure on and above a dimpled surface with Reynolds numbers (based on channel height H) from 1250 to 61500 with dimple depth ratio 0.2, channel height to dimple diameter ratio 0.5. They reported that the flow visualizations show vertical fluid and vortex pairs shedding from the dimples, including a large upwash region and packets of vortexes from the central of dimple, which result in enhanced turbulent mixing in the flow and therefore augmentation of local Nusselt numbers near the rims of dimples. What's more, the position of maximum local Nusselt number locates slightly behind the trailing edge of dimple. The combined influences of channel height to dimple diameter ratio (0.2, 0.25, 0.5 and 1.0), temperature ratio (0.78~0.94), Reynolds number (600~11000) and flow structure were also experimentally analyzed by Mahmood and Ligrani, (2002) [4] . Their results indicated that as channel height H/D decrease, the shedding vortex pairs become stronger and local Nusselt number become larger at the same location. Mitsudharmadiand Tayet al, (2009) [5] investigated the effect of round edged dimple arrays with dimple depth ratios of 4%, 8% and 12% on the boundary layer development. Measurements show existence of a higher speed region at the center of dimple, and the flow separation observed with the deeper edged dimples has similar flow structures as those from dimples with sharp edge. Not only dimples can increase the heat transfer in rectangular channel, but also similar levels of heat transfer enhancement and friction loss were measured in circular tubes by Bunker et al, (2003) [6] . Based on large eddy simulations, Turnow et al. [12] showed the fluctuations in the streamwise velocity and the vortex structure for turbulent flow over dimpled plate, which augment the heat transfer on the plate. Comparing the surface heat transfer enhancement of six different shapes of dimples by computational method, Xie et al, (2013) [7] find the most optimal heat transfer augmentations to occur when the largest cross-section area is oriented perpendicular to the flow direction. So far, the majority of previous studies focused on the global features of heat and mass transfer aspects, very limited results can be found in literature to provide detailed flow field measurement to reveal the changes of the characteristics of a turbulent channel flow over dimple arrays and the vortex structures inside the dimples, in comparison to those of a conventional channel flow over smooth test plate, which are responsible for the enhancement of heat transfer on the dimpled surface.
In the present study, an experimental investigation was conducted to quantify the flow characteristics over a staggered dimple arrays and to reveal the turbulent flow and vortex structures inside the dimples. The pressure distribution inside one dimple and the friction factors for fully-developed turbulent channel flow in dimpled channel were determined at first based on the surface pressure measurements with pressure transducer arrays. The obvious flow separation and attachment inside the dimples were revealed clearly and quantitatively from the surface pressure coefficient contours, which confirms the conjectures and suggestions of the previous studies quantitatively. In addition to the surface pressure measurements, a high-resolution digital Particle Image Velocimetry (PIV) system was also utilized to achieve detailed flow field measurements to quantify the characteristics of the turbulent channel flow over the dimple arrays in terms of the ensemble-averaged velocity, Reynolds stress and turbulence kinetic energy (TKE) distributions. In comparison with those of the channel flow over flat plates, the channel flow over the test plate with dimple arrays was found to have much stronger Reynolds stress and higher TKE level, which is believed to be closely related to the reason why a dimpled surface would have a better performance in heat transfer enhancement as reported in those previous studies..
EXPERIMENTAL SETUP AND TEST MODEL

A. Experimental Setup
The present studies were conducted in a low speed, opencircuit wind tunnel located in the Wind Simulation and Testing laboratory at the Department of Aerospace Engineering of Iowa State University. The tunnel has an optically transparent test section with a 20 mm×152 mm cross section (H/W=0.132) and is driven by an upstream blower, so the corresponding hydraulic diameter (D h ) of test section is 35.4mm. A honeycomb and screen structures are installed upstream of the contraction section to create a uniform low turbulence incoming flow. Figure 1 shows the experimental setup of the PIV measurement. In order to generate a fully developed turbulence flow condition, the main stream flow was tripped by one inch wide and 64grit sand paper on the leading edge of test section to acquire turbulence boundary layer. The distance between the leading edge of test section and edge of test plate is 14D h . The mainstream airflow were seeded with ~1µm oil droplets generated from a theatrical fog machine. A Nd:YAG laser was utilized to emit two pulses of 200mJ with wavelength of 532 nm. Using a set of high-energy mirrors and optical lenses, the laser beam was shaped into a thin light sheet with a thickness in the measurement interest of about 1mm. In order to reveal the flow pattern and vortex structure of the middle dimple, the illuminating laser sheet was aligned with the centerline of the middle dimple, along the streamwise direction. While as for the 14 bit digital 2048×2048 CCD camera, it was firstly placed perpendicular to the side wall of the test section in (x-y) plane to obtain the ensemble averaged velocity, Reynolds stress and turbulent kinetic energy of the free stream flow. Then the camera was rotated 90° up to view from the top flange surface in (x-z) plane to acquire other two components of the turbulent kinetic energy, shown in Figure 1 case 1. Finally, the camera was inclined and mounted on a traversing system with three dimensional freedom to capture the vortex structure inside the dimple through the top surface flange (Figure 2 ). The tilting angle of the camera is about 30° respect to the normal direction of side wall. For the sake of focusing the camera, a Scheimpflug mount was used to rotate the lens to satisfy the Scheimpflug condition. As for the initial experimental setting of PIV system, these are all listed in Table 1 .
Considering the issue of significant reflections of laser light in the vicinity of the near wall region of the dimple even after painting the test plate matte black, the test model was subsequently coated with multiple layers of Rhodamine 6G dye to decrease the reflection of the laser [13] .Meanwhile, a band pass filter was mounted on the lens to filter the excited luminescence from Rhodamine 6G dye.
The PIV image pairs for both case 1 and 2 were interrogated using frame to frame cross-correlation technique with an interrogation window size of 32×32 pixels to obtain the instantaneous PIV velocity vectors. An effective overlap of 50% of the interrogation windows was employed in PIV image processing. Based on the acquired instantaneous velocity vectors ( i u i v ), the distributions of the ensemble-averaged quantities such as averaged velocity, normalized Reynolds
, and normalized turbulence kinetic
) were obtained from a sequence of 400 frames of instantaneous PIV measurements. And U  in current paper is calculated based on the velocity distribution inside channel, namely mean velocity of channel, which was measured by PIV system. Since the camera is tilted in case 2, the velocity fields that received from Insight software are warped in certain direction. Therefore, both the coordinates and velocity fields of each pixel need to be corrected into corresponding original position and velocity based on initial calibration results, as for the detailed information of how to compensate the distortion image can be found in Soloffet al, (1997) [14] . A matlab code based on this compensation method was applied to correct the results from Insight software. The measurement uncertainty level of case 1 for the velocity vectors is estimated to be within 2%, while the uncertainties for the measurements of Reynolds stress and TKE distributions is about 5%. As for case 2, since the velocity field is symmetric along the centerline of dimple in the free stream direction, the velocity of z component should be very small comparing with other two. Based on these facts, the measurement uncertainty for velocity vectors in case 2 is estimated to be within 5%. 
B. Experimental test model
The experimental test model, presented in Figure 3 , is made of hard plastic material and manufactured by a rapid prototyping 3D printer that builds the model layer by layer with a resolution of about 25 microns. The test model is of 275mm long and 170 wide and is equally distributed with staggered spherical dimple arrays in the diameter of D=20 mm. The distances between adjacent dimples in stream wise and span wise direction are both 25mm. And the depth of dimples is H=4 mm, with a corresponding depth ratio 20%. In order to quantify the flow characteristics over staggered dimple arrays, the test model was built with total 45 pressure taps in diameter of 0.5 mm, which has 21 pressure taps distributed inside the middle dimple and 5 pressure taps on each of the leading edge and trailing edge of test plate respectively. The pressure distribution inside middle dimple and friction factors for turbulence flow in dimpled channel were calculated based on the surface pressure measurements from the Digital Sensor Arrays. Meanwhile, the flow characteristics of free stream flow and turbulence flow structure inside the middle dimple were studied by using a PIV system. 
RESULTS AND DISCUSSION
In this paper, all the experiments were mainly focused on three fixed Reynolds numbers (based on hydraulic diameter D h ), as for the equivalent Re based on dimple diameter and channel height are showed in Table 2 . Started with the demonstration of friction factors (Equation (0)) for fullydeveloped turbulent flow, then the pressure distributions inside middle dimple and PIV experiments were shown and discussed in the end. The results of 2D PIV experiments shown in current study not only verified the correctness of pressure data, but also revealed the reasons of enhancing heat transfer rates in dimpled channel flow.
And h D is the hydraulic diameter of test section; p  is the pressure loss across the channel; L is the distance between the pressure taps (220 mm);  is the density of mainstream flow; U  is the incoming flow velocity. , which is shown in Fig. 4(a) . The measurement results of friction factor from present study match Dean's curve quite well on the whole. Figure 4(b) shows the comparison of friction factors between dimpled test model and Dean Equation as a function of Reynolds number. Generally, the friction factors over the dimpled surface firstly increase nonlinearly as the Reynolds number increase for all three locations (corresponding to the positions in Figure 3 ), then decrease slightly as Re greater than 31000, and finally set to a relative fixed value. Combining the results of Figure 4 (a) and (b), it is straight forward to reach a conclusion that the friction factors of dimpled surface is much bigger than that of flat surface which is caused by the cavity structures on dimpled plate. Similar results have been reported in previous studies (like Han et al [1] ).
For the sake of mapping the pressure coefficient distribution
, 21 pressure taps were applied to acquire the pressure data inside the dimple that located in the middle of test plate. The averaged static pressure of position 2, 3 and 4 on the test plate was treated as infinite incoming static pressure (P ∞ ). Figure 5 shows the pressure coefficient contour of Re=8200, 36700 and 50500 inside the dimple. Comparing all the three Reynolds numbers, it is obvious that the pressure coefficients at near the trailing edge region of dimple are much higher than that of near the leading edge part. When air flow passes above the dimple, it keeps traveling straightforward because of the inertia effect which leads to a low pressure area (blue color) at near the leading edge of dimple. However, for the continual effect of suction inside dimple, the flow tends to shift downward to the bottom and impinge on back region of the dimple resulting in high pressure region (red color). And there is large difference in the pressure coefficient distribution between Re=8200 case ( Figure 5 (a) ) and higher Reynolds numbers ( Figure 5 (b & c) ). The area of negative pressure coefficient region in (a) is much smaller than that of (b) & (c). This is caused by the momentum discrepancy that the momentum of air flow in high Reynolds number is greater than that of low Reynolds number. Flow with higher momentum has larger separation area, namely bigger negative pressure area. On the contrary, the area of high pressure region doesn't change very much, though there is slightly increase in the area from Re=8200 to Re=36700. What's more, the pressure coefficient contours of Re=36700 and 50500 are similar except the trailing edge part, which means the flow pattern inside dimple could be similar for both two cases. The pressure coefficient distribution along the centerline of dimple in stream wise direction is a good way to indirectly certify the impingement movement of incoming flow. Figure 6 presents the pressure coefficient of nine pressure taps along the incoming flow direction, which clearly illustrates the decreasing of pressure coefficient along the flow direction in the front part of dimple and the significant augmentation at the near trailing edge position. Concentrating on the pressure curves of all three, though a little difference for Re=8200 case comparing with other two, the main tendency and impinging positions are the same especially for Re=36700 and 50500 cases that are very close to each other Quantitative investigation of the incoming flow passes above the dimple can demonstrate the interaction between dimples and main stream flow, which is greatly important in understanding the mechanism of enhancing heat transfer performance in dimple cooling. Since the experimental dimpled channel is very narrow, any intrusive method will affect the flow field significantly, whereas Particle Image Velocimetry is a nonintrusive and high resolution measurement which can reveal the actual turbulent flow and vortex structure above and inside the dimple without disturbing the flow field. Figure 7 shows the comparison of time-averaged PIV measurement results between the dimple and flat surface along the streamwise direction at Re=8200, which include the ensemble-averaged velocity, normalized Reynolds stress and normalized turbulence kinetic energy. Concentrating on the ensemble-averaged velocity distribution above the plate, there is not much difference between Figure 7 (a) and (d). Except the boundary layer thickness of dimpled surface is thicker than that of flat surface. However, the normalized shear stress of these two is of great difference that the measurement result shown in Figure 7 (b) expresses significantly higher shear stress at the back region above the dimple than flat surface. According to the pressure coefficient distribution contour inside the dimple in Figure 5 (a) and Figure 6 , the flow will impinge at near the trailing edge of dimple and then travels out of the cavity. This whole process will generate high fluctuations and shear stress above and downstream of the dimple. As for the normalized turbulent kinetic energy shown in Figure 7 (c) and (f), the conclusion is about the same with normalized shear stress. It is noteworthy that the turbulence kinetic energy shown in the contours are two components (   [3] that the highest local Nusselt numbers are located just downstream of dimple cavities, which can be explained by the time-averaged normalized shear stress and turbulent kinetic energy of the present results. It is straightforward that stronger convective heat transfer process is positively related to the strength of shear stress and turbulence kinetic energy. At the downstream of the dimple, both the shear stress and turbulent kinetic energy are high. Thus, the corresponding heat transfer rate is high.
As the Reynolds number increased up to 36700, the velocity field distribution (Figure 8 (a) and (d) ) above the dimple is about the same with Re=8200 except the appearance of upwashing velocity at the exit of spherical cavity. When the flow hits the rear wall of dimple, it splits into two parts that one remains in the cavity while the other one injects outside of the dimple. When Re=8200, the upwash velocity is too small to recognize it. But as the incoming velocity increasing, this process becomes more and more obvious. Figure 8 (b) and (e) shows the comparison of normalized Reynolds stress between dimpled and flat surface, which also express that the Reynolds stress above dimple is greater than flat plate. Concerning the Reynolds stress above the dimple for different Reynolds number, the Reynolds stress shown in Figure 8 (b) is slightly wider than that of in Figure 7 (b), but the distribution pattern is similar with each other that with the high shear stress areas located at near the trailing edge of dimple. Similar conclusion can be received for normalized TKE distribution. The reason of these lies in that higher momentum will result in greater fluctuation, and therefore wider distribution of normalized Reynolds stress and turbulent kinetic energy.
When Re=50,500, the comparison of time-averaged PIV results shown in Figure 9 indicate the same conclusion as in Figure 7 and Figure 8 . Comparing the PIV results of dimple in Figure 7 (a, b, c) , Figure 8 (a, b, c) and Figure 9 (a, b, c) , it is reasonable to obtain that as the incoming velocity increase, the upwash velocity at the back rim of dimple will increases, however the area of normalized Reynolds stress and TKE distribution above the dimple will firstly increase and then remain about the same. Extracting each components of u' and v' at y=1.5 mm position from the above discussed TKE contours (in Fig.7-9 In order to obtain the turbulence kinetic energy distribution in (x-z) plane, the camera was rotated 90° up and viewed from the top flange surface. Capturing the turbulence kinetic energy distribution at a position nearest to the wall is of great important, which can deepen the understanding of how turbulence kinetic energy promote the heat transfer enhancement in dimpled channel flow. However, due to the strong laser reflection of wall, current experiment was conducted at a plane 1.5 mm away from the plate surface. Figure 11 exhibits the time-averaged normalized TKE of u' and w' components velocity fluctuations as a function of Reynolds number. As the Re increased, the strength of two component TKE becomes larger (from light green to red color) at the downstream location of dimple back rim. And the high TKE region spreads even wider along the Z/D direction which could be caused by the strong rebounded upwashing flow from the wall at the back region of dimple. Please also note that, the turbulence kinetic energy distribution of these contours still can't reflect the real dimple flow because of the absence of v' fluctuation velocity, which can actually greatly affect the heat transfer process in the dimpled channel flow. Therefore, it is of great significance to acquire a three-component turbulence kinetic energy distribution of the dimpled channel flow, which will be shown in the followed section after the flow structure inside the dimple is introduced.
Even though the above pressure measurement results manifest clearly and quantitatively the flow separation and reattachment inside dimple, it is still meaningful to visualize the vortex structures and investigate the flow characteristics of dimple. With a camera tilted to the side wall, it is possible to capture the turbulent flow structure inside the dimple. Figure 12 shows the ensemble-averaged velocity distribution inside middle dimple at Re=8200. On the whole, the velocity inside the dimple is so small that looks like almost stationary. But, based on the streamline, it is obviously that there is one vortex structure at the front area of cavity caused by the flow separation, which is coherent with the above pressure result. What's more, the impingement of main stream flow at the rear rim of dimple is also confirmed by the result shown in Fig.  12(a) . Figure 12(b) shows the ensemble-averaged velocity distribution inside dimple at Re=36700, which demonstrates two clearly vortex structures inside the dimple with one located at the front and one at the back. As air flow travels above the dimple, the main flow will detach from the geometry surface and generate a vortex structure due to the strong negative pressure gradient along the flow direction. It then impinges on the backwall of the dimple which results in upwash movement and another vortex. The upwash movements formed near the edge of dimple thin and perturb the original boundary layer resulting in augmentation of heat and mass transfer between thermal boundary layer and main stream flow during the heat transfer process. This is the main reason why dimples can enhance the heat transfer between the fluid and its adjacent surface with the penalty of less increase in pressure loss.
Considering the velocity distributions shown in Fig. 12 , we can see that the flow pattern inside the dimple keeps changing as the Reynolds number increase. The previous vortex structure shown in Fig. 12(a) is now depressed by the incoming flow and shifts closer to the leading edge of the dimple. Meanwhile, the intensified impingement brings about another vortex in Fig.  12 (b) which is much stronger than in Fig. 12(a) . These differences not only corroborate the pressure distribution diversity of Re=8200 and Re=36700, but also promote the understanding of turbulence flow characteristic of dimple. As for Re=50500 test shown in Fig. 12(c) , the ensemble-averaged velocity distribution contour is similar to that of Re=8200 and 36700 cases inside dimple which also has two vortices at the corresponding location. But, the separation vortex near the leading edge of dimple has been depressed further.
As mentioned above, the discussed in-plane TKE contours can barely elucidate the relationship between the turbulence kinetic energy strength and heat transfer augmentation which is definitely due to the combinational effects of three-component velocity. Thus, it is essential to reconstruct a three dimensional TKE based on the previous 2D PIV results. Figure 13 describes the relationship between local Nusselt number distribution and reconstructed three dimensional TKE curve, and both of the two test models share the same dimple depth to diameter ratio 0.2 and H/D=1. In Fig.13 (a) , the local Nu/Nu 0 as dependent of X/D was measured at different H/D along the centerline of dimple (reprint from Mahmood and Ligrani [4] ). Their experimental results show that the lowest Nusselt number locates at around 0.2D downstream of dimple's leading edge, while the maximum value positions at about 0.1D behind the trailing edge of dimple. Concentrating on the reconstruction results of 3D TKE results shown in Fig.15 (b) , it is obviously that the general trends of the TKE curves match the Nusselt number quite well on the whole, and both decrease at first then increase and reach a peak value at approximately same location, finally dropping dramatically. Therefore, the heat transfer process is directly related to the strength of turbulence kinetic energy. Upon the comprehensive understanding of pressure distribution and vortex structures inside the dimple, we can see that the separation vortex located in the upstream half of the dimple (Fig.12 & Fig.13 ), instead of accelerating the heat and mass transfer, actually traps the flow and deteriorates the heat transfer. However, the impingement at the back rim of the dimple produces the positive effects. It creates a rebounded upwashing flow, which generates strong fluctuations in all three directions and significantly promotes the heat and mass transfer between the main stream and cavity. Therefore, in order to further improve the performance of the dimpled channel cooling performance, it can be achieved by alleviating the front separation and strengthening the back upwashing movement.
(a). local Nusselt number around dimple reprinted from Mahmood and Ligrani [4] ) (b). measured 
CONCLUSION
In the present study, a series of experiments were conducted to investigate the flow characteristic over staggered dimple arrays and to reveal the turbulent flow and vortex structures inside dimples. The measurement results showed clearly that:
1) The friction factors for fully developed turbulence channel flow with dimpled surface is about one time bigger than that of channel flow with flat surface.
2) Comparing all the pressure distribution results of three Reynolds numbers, it is obvious that the pressure coefficients at near the trailing edge region of dimple are much higher than that of near the leading edge part. And the area of negative pressure coefficient region with Re=36700 and 50500 is much larger than that of Re=8200, while there is little difference in the area of high pressure coefficient region.
3) The high-resolution PIV measurement shows that the channel flow over dimpled surface generates stronger Reynolds stress and higher TKE level than flat surface, which is believed
